؊/y ) mouse to further evaluate the chronological changes of seminiferous tubules and the molecular mechanisms of SC androgen/AR signals on spermatogenesis. Testes morphology began changing as early as postnatal day (PD) 10.5 in wild-type (WT), but not in S-AR ؊/y mice. After puberty (PD 50), the SC nuclei of WT testes migrated to the basal area of the seminiferous epithelium; however, in S-AR ؊/y testes, SC nuclei were disarranged and dislocated. Results from electron microscopy further showed an obvious duplication of basal lamina of the seminiferous epithelium in S-AR ؊/y testes at PD 50 compared with WT testes. Using quantitative RT-PCR analyses, the expression of SC gene profiles were compared in PD 10.5 testes. In S-AR ؊/y testes, the expression levels of 1) vimentin were significantly increased and laminin ␣5 was significantly decreased in PD 10.5, which contributed to functional defects in cytoskeletons and production of the basement membrane component of SC leading to cell morphology deterioration and thus affecting the integrity of seminiferous epithelium; 2) claudin-11, occludin, and gelsolin were significantly decreased in PD 10.5, which contributed to defects in intact junctional complex formation of SC leading to impairment of the integrity of the blood-testis barrier; 3) calcium channel, voltage-dependent, P/Q-type, ␣1A subunit; tissue-type plasminogen activator; transferrin; and epidermal fatty-acidbinding protein were significantly decreased in PD 10.5, which contributed to functional defects in production and/or secretion of specific proteases, transport proteins, and paracrine factors of SC, leading to impairment of its germ cells' nursery functions. (Endocrinology 147: 5624 -5633, 2006) W HEN ENRICO SERTOLI first described the Sertoli cell (SC) in 1865, these cells drew scientist's attention because of their close structural relationship with the spermatogenic cells in the seminiferous tubules. Presently, it is a well known fact that the SC plays a central role in fetal gonad development and postnatal spermatogenesis (1). The SC serves as the principal structural element of the seminiferous epithelium, providing physical support and creating an impermeable and immunological barrier, known as blood-testis barrier (BTB), in favor of normal germ cell development and maturation in adult testis (2).
W HEN ENRICO SERTOLI first described the Sertoli cell (SC) in 1865, these cells drew scientist's attention because of their close structural relationship with the spermatogenic cells in the seminiferous tubules. Presently, it is a well known fact that the SC plays a central role in fetal gonad development and postnatal spermatogenesis (1) . The SC serves as the principal structural element of the seminiferous epithelium, providing physical support and creating an impermeable and immunological barrier, known as blood-testis barrier (BTB), in favor of normal germ cell development and maturation in adult testis (2) .
Androgen and the androgen receptor (AR) (3) (4) (5) (6) have been shown to play critical roles for normal spermatogenesis and fertility (7) . AR expression has been detected in Sertoli, Leydig, and peritubular myoid cells (8 -12) , but the localization of AR in male germ cells remains controversial. Several studies indicated that AR is present in germ cells in different species (8, 10, 11, 13, 14) ; however, other reports show there is little or no AR staining in the germ cells (9, 15, 16) . Earlier experiments showed that transplantation of spermatogonia from Tfm mice into recipient seminiferous tubules of wildtype (WT) mice results in qualitatively normal spermatogenesis (17) . Despite the controversial results about whether AR exists in germ cells, the germ cell does not seem to need intrinsic AR. Nonetheless, recent publications (ours and others) clearly demonstrated that AR is essential for quantitative spermatogenesis in transgenic total AR knockout (18) and SC-specific AR knockout (S-AR Ϫ/y ) mouse models (19 -21) . These findings indicate that AR expression and function in testicular cells, other than germ cells, plays critical roles for normal spermatogenesis.
Spermatogenesis involves a series of synchronized cellular and molecular events. During spermatogenesis, basally located spermatogonia differentiate into the preleptotene/leptotene stage of primary spermatocytes and initiate meiosis. These primary spermatocytes must migrate from the basal compartment to the adluminal compartment traveling across the BTB in late stage VIII to early stage IX of the seminiferous epithelium cycle in mouse testis (22) . This process involves the complex interaction of germ cells and SCs within the seminiferous tubules (23) . Earlier studies show that AR has the highest immunopositive nuclear staining in SC during stages VII to VIII (24, 25) , which coincides with the time point of primary spermatocyte movement through the BTB as they progress through the process of meiotic and postmeiotic development. S-AR Ϫ/y mice showed arrest before the completion of the first meiosis in spermatogenesis (19 -21) that further emphasizes the importance of androgen/AR signal in the process of meiosis I during spermatogenesis.
An earlier study indicated that a majority of the mouse SC proliferation occurs before birth, and after birth, the proliferative activity gradually decreases (26) . Upon puberty, the SC goes through morphological and functional transformation to enter a nonproliferative state with rapid maturation, leading to the establishment of the BTB (23, 27) . Literary evidence indicates that mouse testis enter pubertal maturation at around postnatal day (PD) 8 -10, which is defined as the period where germ cells enter meiosis and the first wave of spermatogenesis begins (28) . In addition, other literature shows that AR starts to be expressed in SC around PD 7-10, and the expression increases in an age-dependent and seminiferous-tubule-stage-dependent manner (29, 30) .
We hypothesized that AR plays a pivotal role in SC at this critical time point. A recently published paper using microarray analysis to examine prepubertal S-AR Ϫ/y mice also found that expression levels for protease inhibitors, cell adhesion molecules, cytoskeletal and extracellular matrix elements have diverse up-and down-regulated expression patterns (31) . We would like to address the morphological analysis of the earliest changes in prepubertal S-AR Ϫ/y testis and ultrastructural changes in adult S-AR Ϫ/y testis as well as SC-specific functional gene expressions to further evaluate the mechanisms of androgen/AR acting in SC to affect spermatogenesis. We used AMH-Cre and floxed AR (FAR) mice to generate S-AR Ϫ/y mice as noted in our previous publication (19) . Briefly, we mated FAR mice (18) with a transgenic line possessing the AMH promoter-driven expression of the Cre recombinase (32) to generate male S-AR Ϫ/y mice with the AR gene deleted only in SC. After serially analyzing different ages of mouse testes, we observed the earliest testicular structural changes at PD 10.5. Therefore, we used testes from PD 10.5 S-AR Ϫ/y (AMH Creϩ FAR/Y) and WT littermates (AMH Creϩ X/Y) to examine various SC-specific functional genes.
Materials and Methods

Generation of SC-specific AR knockout (S-AR Ϫ/y ) male mice
Protocols for use of animals were in accordance with National Institutes of Health standards. Transgenic AMH-Cre (C57-B6/SJL) male mice expressing Cre recombinase, under the control of the AMH gene promoter (32) , were mated with FAR/AR (C57-B6/129/seve) female mice (18, 33) . The expression of AMH promoter-driven Cre recombinase can efficiently and selectively delete the FAR gene in SC. S-AR Ϫ/y mice express FAR and Cre alleles in tail genomic DNA as shown in PCR genotyping described previously (18, 33) .
Tissue sampling and RNA analysis
Whole testes were removed from animals at different ages depending on the experiment. Immediately after removal, the testes were snapfrozen and stored in liquid nitrogen. Before RNA extraction, each testis was weighed and homogenized in an electronic homogenizer. To allow specific mRNA levels to be quantified per testis and to monitor for the efficiency of RNA extraction, RNA degradation, and the RT step, an external standard was used (34, 35) , and 10 ng luciferase mRNA (Promega, Madison, WI) was added to each testis as external control at the start of the RNA extraction procedure. Total RNA was isolated with Promega RNAgents Mini Kit (Promega) according to the manufacturer's instructions, and 2 g total RNA was reverse transcribed and subjected to real-time PCR using iCycle (Bio-Rad Laboratories, Hercules, CA), and the formulas and thermal cycling conditions used were described previously (36) . In general, the real-time PCR was performed with SYBR Green PCR Master Mix (Bio-Rad). PCR was performed at 94 C for 3 min and 40 cycles of 94 C for 30 sec, 60 C for 30 sec, and 72 C for 30 sec on an iCycler iQ multicolor real-time PCR detection system. Each sample was run in triplicate. Data were analyzed by an iCycler iQ software (Bio-Rad).
Pair sequences used for studying gene expression changes were designed by Beacon Designer II software (Bio-Rad) and are shown in Table  1 . The amount of each measured cDNA was compared with the external standard luciferase cDNA in the same sample. The mRNA levels of interested genes in PD 10.5 S-AR Ϫ/y testes were compared with those of their WT littermates. Our data showed that there are no differences in testis weight and seminiferous tubule diameter between S-AR Ϫ/y and WT mice at PD 10.5, with the exception of seminiferous tubule lumen formation, which is evident in WT but not in S-AR Ϫ/y testes. Therefore, 
to avoid the effect from differences in testicular cell composition because of different testis size, we selected PD 10.5 as the time point to examine differentially expressed genes in S-AR Ϫ/y and WT testes. Each gene expression pattern was confirmed using at least three pairs of WT and S-AR Ϫ/y mice.
Immunohistochemistry
The testes from WT and S-AR Ϫ/y males at PD 10.5 and PD 50 were removed, weighed, and fixed overnight in 4% paraformaldehyde at room temperature. The tissues were dehydrated by passing through 70, 85, 95, and 100% ethanol, cleared in xylene and 1:1 xylene/paraffin for 45 min, and embedded in paraffin. Tissue sections were cut at a 5-m thickness and mounted onto Probe-On Plus charged slides (Fisher Scientific, Pittsburgh, PA). For immunohistochemistry, sections were heated at 55 C for at least 2 h, deparaffinized in xylene, rehydrated, and washed in Tris-buffered saline (TBS, pH 8.0). For antigen retrieval, slides were microwaved in 0.01 m sodium citrate (pH 6.0), immersed with 1% hydrogen peroxide in methanol for 30 min, and blocked with 10% normal horse serum in TBS for 60 min. After washing with PBS, sections were incubated for 90 min with GATA-1 (sc-0266; Santa Cruz Biotechnology, Santa Cruz, CA) rat antimouse monoclonal antibody with 1:500 dilution in TBS containing 1% BSA, followed by horse antirat biotinylated secondary antibody diluted 1:300 in TBS containing 1% BSA. Sections were incubated with avidin-biotin-peroxidase complex solution for 30 min, followed by development with diaminobenzidine peroxidase substrate kit (Vector Laboratories, Burlingame, CA) for 2 min. Slides were counterstained with hematoxylin for 30 sec, dehydrated, cleaned in xylene, and mounted. As a negative control, some tissue sections were incubated with normal rat serum instead of with the specific primary antibody. Images were captured using an eclipse E800 microscope (Nikon) equipped with a camera (Nikon). Captured images were stored on computer and compiled using Photoshop 7.0 (Adobe).
Electron microscopy (EM) examination of ultrastructure of testes in adult WT and S-AR Ϫ/y mice
The testes from WT and S-AR Ϫ/y males at PD 50 were removed and fixed overnight in 2.5% glutaraldehyde in 0.1 m phosphate buffer (pH 7.4). The testes were washed in phosphate buffer (two changes), postfixed with 1.0% osmium tetroxide, dehydrated in a graded series of ethanol, and embedded in EPON/Araldite resin. Thin sections were then cut, mounted on 200-mesh grids, stained with uranyl acetate and lead citrate, and examined using a H7100 Hitachi electron microscope. Digital images were captured using a MegaView III digital camera. The morphology of inter-SC tight junctions, nuclei position, and basement membrane were examined.
Assessment of serum testosterone (T) levels in adult WT and S-AR
Ϫ/y mice Serum T levels were estimated using solid-phase (antibody-coated tube) RIA, using materials and protocols provided by Diagnostic Systems Laboratories Inc. (Webster, TX). The volume of serum used for RIA was 50 l, the minimal detectable concentration was 0.08 ng/ml, and the intra-and interassay coefficients of variation were 8.5 and 8.7%, respectively.
Statistical analysis
The Student's t test was used with the software SPSS to estimate the statistical significance of quantitative changes. Significance was set as P Ͻ 0.05. The values are presented as mean Ϯ sem.
Results
Testes morphology began changing as early as PD 10.5 in WT but not in S-AR Ϫ/y mice
In S-AR Ϫ/y mice, testis weights on PD 7.5 and 10.5 were comparable to those of WT but were reduced to 65% of WT value on PD 18.5 ( Fig. 1C ; Table 2 ; n ϭ 5 in each different age group of WT or S-AR Ϫ/y mice) and to 23-25% of WT value on PD 50 ( Fig. 1D ; Table 3 ; n ϭ 5 in each group). The S-AR Ϫ/y mice epididymis weights were reduced to 63% of WT value on PD 50, but the seminal vesicle weights were comparable to WT (Table 3) . To identify the earliest onset of testis morphology changes in S-AR Ϫ/y mice, we examined a series of mouse testes at different ages. The morphology of seminiferous tubules from PD 7.5 WT and S-AR Ϫ/y mice were comparable, containing mainly SCs and spermatogonia with large round nuclei (Fig. 2, A and B) . Some of the seminiferous tubules began generating a central lumen in PD 10.5 WT mice (Fig. 2, C and I ), but this did not occur in PD 10.5 S-AR Ϫ/y mice (Fig. 2, D and J) . We did not observe seminiferous tubules morphological changes at PD 9.5 WT testis (data not shown). By PD 18.5, the seminiferous tubules of WT had enlarged and formed a well defined central lumen (Fig. 2, E and K). However, the seminiferous tubules in PD 18.5 S-AR Ϫ/y mice (Fig. 2 , F and L) still lacked lumen formation and the diameters of tubules were smaller than WT. By PD 50, all stages of spermatogenesis were seen in WT (Fig. 2G ), but in testis of S-AR Ϫ/y , the tubular morphology was similar to PD 18.5 and a majority of spermatogenesis did not go beyond the pachytene primary spermatocyte stage (Fig. 2H ). An early report by Tan et al. (30) discussed the defects in maturational development of SC in S-AR Ϫ/y but did not identify the earliest onset of testis morphology change. Our data clearly indicated that as early as PD 10.5 we can observe the seminiferous tubule structural defects in S-AR Ϫ/y testes. Early reports by our lab and others (19, 20, 30 ) indicated a discrepancy in detecting the changes in T level in adult S-AR Ϫ/y mice. Therefore, we carefully reexamined the serum T levels in PD 50, 90, and 120 S-AR Ϫ/y and WT mice. Serum T levels in WT mice showed wide variations between animals, and S-AR Ϫ/y mice consistently showed 60 -70% lower levels of serum T compared with WT at various ages ( Fig. 1F ; T levels from PD 50 mice are shown).
Disorganization and dislocation of SC nuclei as well as increase of vimentin mRNA levels in PD 10.5 S-AR
Ϫ/y testes GATA-1 is a zinc finger transcription factor that is produced by the SC coinciding with the first wave of spermatogenesis in prepubertal mouse (37) . GATA-1 is immunoexpressed in the nuclei of SC, and the levels of its expression in the adult depend on the stage of the spermatogenic cycle (37) . SCs are irregularly shaped tall columnar epithelial cells that extend from the basal to the adluminal compartment of the seminiferous tubules (38) . Our data showed that the locations of GATA-1-immunopositive SC nuclei were similar between WT ( Fig. 3A ; n ϭ 5) and S-AR Ϫ/y ( Fig. 3B ; n ϭ 5) testes by PD 10.5. After puberty, the SC nuclei migrated to the basal area of the seminiferous epithelium in WT testes ( Fig. 3C; n ϭ 5 ), yet the location of SC nuclei in S-AR Ϫ/y testes ( Fig. 3D ; n ϭ 5) showed disorganization and dislocalization.
Moreover, we checked the SC structure support components (such as cytokeratin 18 and vimentin) and found that the mRNA level of vimentin was significantly increased in PD 10.5 S-AR Ϫ/y testes compared with WT testes ( Fig. 3E ; n ϭ 3 in each group). The result of altered vimentin mRNA ex-pression, together with GATA-1 immunoexpression data in S-AR Ϫ/y testes (Fig. 3D ), clearly indicated SCs require androgen/AR signal to maintain normal cell structure and morphology. In addition to GATA-1 immunoexpression data, we performed EM analysis to examine the structural changes in seminiferous tubules of S-AR Ϫ/y testes. Compared with WT testes ( Fig. 4A ; n ϭ 5), results from EM showed an obvious and abnormal duplication of basal lamina of seminiferous tubules in S-AR Ϫ/y testes ( Fig. 4B ; n ϭ 5) at PD 50. There were no marked differences in SC nuclei morphology between PD 50 WT and S-AR Ϫ/y testes (data not shown). Meanwhile, we checked the components of seminiferous tubule basement membrane (such as laminin ␣5 and collagen IV ␣3) and found that laminin ␣5 mRNA levels were significantly reduced in PD 10.5 S-AR Ϫ/y testes compared with WT ( Fig. 4C ; n ϭ 3 in each group). This result indicated that SCs required androgen/AR signals to maintain basement membrane development of seminiferous tubules.
Abnormal duplication of basal lamina in PD 50 S-AR
Ϫ
Differential expressions of components responsible for junctional dynamics in S-AR
Ϫ/y testes: decreased mRNA levels of occludin, claudin-11, and gelsolin One of the major functions of the SC is to create the BTB, which is located in the basal third of seminiferous epithelium. The BTB functions as a natural barrier to regulate the passage of various molecules into and out of the adluminal compartment of the seminiferous epithelia and an immunological barrier to create a specialized environment for the differentiation and movement of developing germ cells (39) . Thus, BTB segregates seminiferous tubules into the basal compartment (containing spermatogonia and preleptotene and leptotene spermatocytes) and the adluminal compartment (containing different stages of meiotic spermatocytes, round spermatids, elongated spermatids, and spermatozoa) (39) . To examine the AR role in SC junctional dynamics, we used quantitative RT-PCR to check the expression of genes responsible for the formation of the tight junction and the anchoring junction (39) in PD 10.5 testes. These functional genes were grouped as 1) components of the tight junction complex located between SC at the site of the BTB, including claudin-11 and occludin, and 2) components of the anchoring junction complex located between SCs and Sertoli-germ cells, including gelsolin, testin, nectin-2, zyxin, N-cadherin, vinculin, laminin ␥3, and ␣-catenins (39) .
Among the components of the tight junction and anchoring junction complex, we found the claudin-11, occludin, and gelsolin mRNA levels consistently reduced in PD 10.5 S-AR Ϫ/y testes compared with WT ( Fig. 5A ; n ϭ 3 in each group). Although the claudin-11 mRNA expression levels in S-AR Ϫ/y mice has been reported by other groups (30, 31) , the mRNA expression changes for occludin and gelsolin have not been described previously. Taken together, these results indicate that SCs require androgen/AR signals to maintain normal functions and/or structure of tight junctions as well as anchoring junctions, leading to the maintenance of the intact BTB.
Tissue remodeling factors, transport proteins, and endocrine and paracrine factors were altered in S-AR Ϫ/y testes
In SCs, the production and secretion of diverse functional glycoproteins and peptides occurred in a seminiferous-epithelium-stage-dependent manner and were involved in germ cell development (40) . To examine the role of AR on SC protein production and secretion, we used quantitative RT-PCR to check the expression levels of several SC-specific genes in PD 10.5 testes. These functional genes were grouped as 1) tissue remodeling factors including cystatin-TE (cys-TE) and tissue-type plasminogen activator (tPA); 2) transport proteins for nourishment of germ cells including androgenbinding protein (ABP), epidermal fatty-acid-binding protein (eFABP), and transferrin; 3) endocrine and paracrine factors for nourishment of germ cells and interstitial cell differentiation, including desert hedgehog (Dhh), anti-Mü llerian hormone (AMH), and platelet-derived growth factor-A (PDGF-A); 4) a cell membrane calcium channel gene, such as calcium channel, voltage-dependent, P/Q type, ␣1A subunit (Cacna1a); and 5) a well-defined androgen target gene, such as Pem.
For the selected genes expressed in SCs, we found the Pem, Cacna1a, tPA, transferrin, and eFABP mRNA levels were reduced in PD 10.5 S-AR Ϫ/y testes compared with WT ( Fig.  5B ; n ϭ 3 in each group). Although the mRNA levels of tPA, transferrin, eFABP, and Pem in S-AR Ϫ/y mice have been reported by other groups (30, 31) , the gene expression changes for Cacna1a have not been described previously. Taken together, these results indicate that loss of AR in the SC results in multiple functional deteriorations as early as PD 10.5, the age in which the mouse testis enters pubertal maturation and begins the first wave of spermatogenesis (28) . This diverse up-and down-regulation of various genes indicate that loss of functional AR in the SC can cause a broad spectrum of functional defects in SCs, which finally leads to the arrest of the first meiosis of spermatogenesis and stimulates apoptosis of growth-arrested germ cells (19 -21) .
Discussion
Testes have two major functions, synthesis of steroid hormones (steroidogenesis) and production of mature sperm (spermatogenesis), which are achieved through coordination among
various cell types (SCs, Leydig cells, peritubular myoid cells, and germ cells) within the testes (41). Results from transgenic total AR knockout (18) mouse studies show that functional AR is required for proper development and function of testes. Results from S-AR
Ϫ/y mouse studies further prove that functional AR in SCs is required for normal germ cell differentiation, especially for meiosis progression of primary spermatocytes and haploid spermatid differentiation in the progression of spermiation (19 -21) .
Several important functions of SCs have been proposed: 1) maintenance of the BTB and secretion of seminiferous tubular fluid (42), 2) providing structural support for development and maturation of germ cells (43, 44) , 3) cooperating with germ cells in germ cell movement and spermiation (38, 39) , and 4) secreting diverse functional glycoproteins and peptides to nourish germ cells (45, 46) . In this study, our data demonstrate that loss of functional AR in SCs will cause a broad spectrum of functional defects and finally lead to the arrest of spermatogenesis before the second wave of meiosis (19 -21) .
AR is a crucial regulator for SC function to provide cell structure support and maintain the BTB and secretion of seminiferous tubular fluid
Earlier studies showed that mouse testes enter puberty maturation around PD 8 -10 (28) . It is generally believed that seminiferous tubule fluid is produced by SCs and the onset of fluid production is just after the BTB formation when testes enter pubertal maturation (47, 48) . The immunohistochemistry staining data also showed that SC AR starts to express around PD 8 -10 with age-dependent increasing levels. After maturation, the expression of SC AR is presented in a seminiferous-tubule-stage-specific manner (29, 30) . Our data showed that the seminiferous tubule fluid accumulation and lumen formation occurred as early as PD 10.5 in WT testes but not in S-AR Ϫ/y testes. Although the testes weight and germ cell composition are similar between WT and S-AR Ϫ/y testes at PD 10.5, our data indicate that AR in SC plays an essential role during this time when testes enter pubertal maturation and form functionally mature BTB. To clearly illustrate the SC location in seminiferous tubules, we performed GATA-1 immunostaining to identify the SC nuclei. Our results showed that the locations of GATA-1-immunopositive SC nuclei were similar in WT and S-AR Ϫ/y testes at PD 10.5. After puberty (PD 50), the comparison of WT testes, in which SC nuclei migrated to the basal area of the seminiferous epithelium, the location of SC nuclei in S-AR Ϫ/y testes were disarranged and dislocated. Furthermore, results from EM showed an obvious duplication of basal lamina of seminiferous tubules in PD 50 S-AR Ϫ/y testes compared with WT. These findings indicate that androgen/AR signals in SCs are essential for maintaining cell morphology, basement membrane development, and seminiferous epithelial integrity.
In addition to morphological changes, we used quantitative RT-PCR to examine various gene expressions of cell structure support, tight junction, and anchoring junction components in PD 10.5 S-AR Ϫ/y and WT testes.
Cell structure support components. SCs have abundant and well-developed cytoskeletons, which have been shown to be involved in 1) maintaining cell shape, positions, and transport of organelles within the cell and 2) stabilizing the cell membrane at sites of cell-cell contact, adheres and aids in the movement of developing germ cells and in the release of mature spermatids during spermiation (38, 39) . In SCs, there are three major cytoskeletal protein families, which include intermediate filaments, microfilaments, and microtubules (49) . Cytokeratins are members of the intermediate filament protein family and are specifically expressed in epithelial cells and their appendages. Our data showed that the vimentin mRNA level was increased in PD 10.5 S-AR Ϫ/y testes compared with WT. The result of altered cytokeratin expression correlated well with the finding in Fig. 3D , in which the location of GATA-1-immunopositive SC nuclei in S-AR Ϫ/y testes were disarranged and dislocated after puberty. A recently published paper using microarray studies also revealed that cytoskeletal-related genes (tubulin ␤3 and actinin ␣3) significantly decreased in S-AR Ϫ/y testes compared with WT (31), yet there is no additional study to address how lack of AR in SC will result in these defects. Taken together, results from our group and others indicate loss of functional AR in SCs might alter the production of those cytoskeletons, consequently leading to cell morphology deterioration and affecting the integrity of the seminiferous epithelium after puberty. 
(E, F, K, and L) WT and S-AR
Ϫ/y mice were subject to histological analyses using hematoxylin-eosin staining (n ϭ 5 in each different age group of WT or S-AR Ϫ/y mice). In some areas of PD 10.5 WT testis, the seminiferous tubules began generating central lumen (asterisk) (C and I) but not in PD 10.5 S-AR Ϫ/y testis (D and J). By PD 18, S-AR Ϫ/y testes (F and L) still lacked lumen formation, and the diameter of tubules was smaller than WT (E and K). By PD 50 (n ϭ 5 in each group), all stages of spermatogenesis were seen in WT testes (G), but in testes of S-AR Ϫ/y mice (H), the tubular morphology was similar to PD 18 and a majority of spermatogenesis did not go beyond the pachytene primary spermatocyte stage as indicated by the arrowheads. Magnification, ϫ400 (A-H) and ϫ1000 (I-L).
The seminiferous tubule basement membrane components. The seminiferous tubule basement membrane is a sheet-like extracellular structure in contact with the basal surface of epithelial cells and composed of different extracellular matrix proteins, such as collagen, laminin, and proteoglycans (50) . In the testes, the relative morphological relationship between tight junctions and anchoring junctions is remarkably different from other epithelia. Instead of locating at apical portion in other epithelia (51), testis tight junctions locate at the basolateral region of the SC and are very close to the basement membrane (52) . The morphological relationship between tight junctions and the basement membrane, associated with the findings that abnormal basement membrane structures are detected in infertile patients with defects of spermatogenesis (53, 54) , clearly illustrates the significant role of basement membrane in BTB dynamics and spermatogenesis. Earlier studies also demonstrated that laminins, such as laminin ␣5, and collagens, two major components of the basement membrane of the seminiferous tubule, are pivotal regulators of the tight-junction dynamics of SCs (55, 56) . Our data showed that the laminin ␣5 mRNA levels were significantly reduced in PD 10.5 S-AR Ϫ/y testes. This result, associated with EM findings of duplication of seminiferous tubules basement membrane in PD 50 S-AR Ϫ/y testes, suggests that the SC requires functional AR to maintain the development of seminiferous tubule basement membrane.
The tight junction complex components. There are three types of junctions in the testis, which are known as occludin inter-SC tight junction, anchoring junctions (including ectoplasmic specializations and tubulobulbar complex), and gap junctions (39) . The occluding inter-SC tight junctions are the major constituents of the BTB at the basal compartment of the seminiferous epithelia. In addition, basal ectoplasmic specializations and basal tubulobulbar complex are also found at the BTB site. Both caludin-11 and occludin are integral components of tight junctions between SCs (39). Earlier studies reported that in vivo administration of flutamide (a nonsteroidal AR antagonist) can induce down-regulated expression of occludin mRNA in rat testes (57) , and the T treatment of in vitro-cultured SCs can induce claudin-11 expression (58). Consistently, both claudin-11 knockout male mice and occludin knockout male mice are sterile (59, 60) . Claudin-11 expression in mice testis is age dependent, starting to increase from PD 3, reaching a plateau around PD 6 -16, and then gradually declining to lower levels in adulthood (61) . A testis compared with the WT (n ϭ 3 in each group). RNA was extracted from testes and cDNA was prepared as described in Materials and Methods. Real-time PCR was used to measure cDNA levels of cytokeratin 18 and vimentin relative to external control luciferase. *, Significant difference at P Ͻ 0.05 (t test).
FIG. 4. Structural examination by EM and gene expression of basement membrane components in S-AR
Ϫ/y and WT mouse testes (n ϭ 5 in each different age group). An electron micrograph (magnification, ϫ20,000) showed the structure of seminiferous tubule basement membrane (arrowhead) in PD 50 WT testes (A) and a definite duplication of seminiferous tubule basement membrane (arrowhead) in PD 50 S-AR Ϫ/y (B) testes. C, Changes in expression of basement membrane component gene in PD 10.5 S-AR Ϫ/y testes compared with the WT (n ϭ 3 in each group). Testicular RNA extraction and cDNA preparation were described in Materials and Methods. Real-time PCR was used to measure cDNA levels relative to external control luciferase. *, Significant difference at P Ͻ 0.05 (t test).
recently published paper (62) also indicated that the permeability of the BTB to biotin was increased in adult S-AR Ϫ/y testes compared with WT testes. In our studies, the claudin-11 and occludin mRNA expressions were significantly reduced in PD 10.5 S-AR Ϫ/y testis. These data indicated that loss of AR in the SC might impair functional tight junction formation and integrity from the earlier time point when the SC goes through functional maturation and establishment of the BTB.
The anchoring junction complex components. Ectoplasmic specializations are actin-filament-containing testis-specific adhesion complexes found at the site of intercellular attachment between SCs at the basal compartment and between SCs and germ cells at the adluminal compartment of seminiferous epithelium in rodent testes. Ectoplasmic specializations are morphologically characterized by the triplet structures containing the SC plasma membrane, a submembrane bundle of actin filaments, and an attached cistern of endoplasmic reticulum. The intercellular space between two apposing SCs at the basal ectoplasmic specializations is sealed by tight junctions to form the BTB (63) . Testin, nectin-2, zyxin, vinculin, laminin ␥3, ␣-catenins, gelsolin, and N-cadherin are components of ectoplasmic specializations (39) . Our data showed that gelsolin mRNA expression was significantly reduced in PD 10.5 S-AR Ϫ/y testes compared with WT testes. The above evidence clearly indicates that functional AR in SCs is required for morphogenesis and functional junction complex formation of SCs.
AR plays a pivotal role in SC secretion of functional glycoproteins and peptides for nourishing germ cells, and to cooperate with germ cells in germ cell movement and spermiation
Tissue remodeling factors. The SC synthesizes and secretes proteases and protease inhibitors, which might participate in the events of germ cell movement and spermiation. Cystatin-TE (64), tPA, and urokinase-type plasminogen activator are identified in mammalian testes and proposed to involve the migration of developing germ cells from the basal compartment to the lumen of the seminiferous tubule and in the release of mature spermatids during spermiation (65) . Our data showed that the mRNA levels of tPA were significantly decreased in PD 10.5 S-AR Ϫ/y testes compared with WT. Our result indicates that loss of AR in the SC might impair the production and secretion of these proteases.
Transport proteins.
Transferrin is an iron transport glycoprotein, which is secreted by differentiated SCs and is proposed to transport iron to the developing germ cells within the adluminal compartment of seminiferous tubules (66) . Iron is necessary for cell proliferation, differentiation, and metabolism (67) . Our data showed that transferrin mRNA levels were significantly decreased in PD 10.5 S-AR Ϫ/y testes compared with WT. This result indicated that loss of functional AR in the SC might impair the synthesis and secretion of transferrin.
Expression of eFABP was found in SCs and proposed to involve transport of essential fatty acids for growth and function of the surrounding germ cells (68) . Our data showed that eFABP mRNA expression levels were significantly reduced in PD 10.5 S-AR Ϫ/y testes compared with WT, which indicated that loss of functional AR in SCs will impair eFABP production and further lead to deterioration of the SC nursery functions for surrounding germ cells.
The critical function of SCs in the regulation of normal spermatogenesis is secretion of a complex fluid into the seminiferous tubule lumen behind the BTB. The SC-secreted fluid contains many essential proteins that are necessary for maintenance of normal development and differentiation of germ cells in the adluminal compartment. Earlier studies have shown that SCs possess different subtypes of voltageoperated calcium channels (69) , which mediate Ca 2ϩ influx in rat SCs and have roles in SC junction dynamics (70) as well as in SC secretory processes (71) . Our data revealed that the Cacna1a mRNA expression levels were significantly decreased in PD 10.5 S-AR Ϫ/y testes compared with WT. This result indicated that SC loss of functional AR might impair testis compared with the WT control (n ϭ 3 in each group). RNA extraction and cDNA preparation were described in Materials and Methods. Real-time PCR was used to measure cDNA levels relative to external control luciferase. *, Significant difference at P Ͻ 0.05 (t test).
the function of voltage-operated calcium channels, and this might further affect the protein secretory function of SC.
Pem is a member of the homeobox transcription factor family, and its expression is regulated by androgen in the testis and epididymis (72, 73) . In the testis, Pem expression is directly regulated by androgen/AR in the cultured SC (74) . The defined role of Pem in spermatogenesis is still unclear. We used this gene as a positive control to examine mRNA expression pattern in S-AR Ϫ/y testes. As expected, our data showed that the Pem mRNA expression levels were significantly decreased in PD 10.5 S-AR Ϫ/y testes compared with WT.
In summary, androgen binding to AR might activate a transcriptional reaction in SCs leading to changes in target gene expression and subsequent signaling transduction. However, how androgen/AR acts in SCs and consequently affects germ cell differentiation is largely unknown. Our results showed clear and novel evidence that androgen, acting through SC AR, might regulate the microenvironment of seminiferous epithelium by influencing a broad spectrum of gene changes in the SC. Loss of AR specifically in the SC could affect 1) structure support elements of the SC leading to impaired normal supportive function for movement of developing germ cells; 2) junction complex formation and basement membrane development of SC leading to impaired functional integrity of the BTB; and 3) SC-specific protease, transport protein, and paracrine factor production and/or secretion, leading to impaired SC nursery functions for developing germ cells.
